Cell locomotion plays key roles in embryonic morphogenesis, wound healing, and cancer metastasis. Here we show that intermittent control of cell shape using microarrays can be used to amplify the natural directional persistence of cells and guide their continuous migration along preset paths and directions. Key to this geometry-based, gradient-free approach for directing cell migration is the finding that cell polarization, induced by the asymmetric shape of individual microarray islands, is retained as cells traverse between islands. Altering the intracellular signals involved in lamellipodia extension (Rac1), contractility (RhoA), and cell polarity (Cdc42) alters the speed of fibroblast migration on these micropatterns, but does not affect their directional bias significantly. These results provide insights on the role of cell morphology in directional movement and the design of micropatterned materials for steering cellular traffic.
Introduction
Cell migration is a complex process requiring dynamic coordination of cytoskeletal activity with membrane protrusion and adhesion systems. Upon encountering external stimuli, mammalian cells polarize into a "front" forward moving portion and a "rear" retracting portion that are defined by distinct signaling events. 1 Changes in cellular architecture, such as the re-organization of the microtubule-organizing centre (MTOC), microtubules and Golgi apparatus to the front of the nucleus, accompany polarization. The first step of cell migration is driven by actin polymerization which lead to directional protrusion of lamellipodia in the leading edge. 2, 3 The second step is formation of new adhesions in front. Actin-myosin based contraction 4 or its direct transport 5, 6 generates traction to move cells forward. The last step in locomotion comprises detachment and retracting the rear.
By culturing cells on microfabricated ECM islands with defined geometry on the micrometer scale, the direction in which cells extend new lamellipodia, filipodia and microspikes can be influenced by the global shape of the cell. 7, 8 We and others have also demonstrated that by positioning microarrays asymmetrically, 9,10 micropatterns can be used to guide directional cell motility without any external gradient. However, directional migration in these earlier reports arises from both morphological polarization and availability of adhesive island in front or on the side for lamellipodia attachment. In fact, it was shown that the asymmetric positioning of islands, which determines the availability of adhesive islands for lamellipodia attachment, can overcome any directional bias arising from the shape of the individual teardrop-shaped islands. Here we show that morphological polarization imposed by the adhesive island alone is retained as cells traverse across islands and thus sufficient to guide continuous directional cell migration. This positive result led us to examine further if directional motility on these micropatterns is retained for cells with varying level of RhoGTPases involved in lamellipodia extension, contractility, and cell polarity.
Experimental Section
Tissue culture dishes were purchased from Fisher Scientific (Catalog No. 430166) and used as received. Polydimethylsiloxane (PDMS; Sylgard 184) was obtained from Dow Corning (Midland, MI). Random copolymers of oligoethyleneglycol methacrylate and methacrylic acid poly(OEGMA-co-MA) with OEGMA:MA weight ratio of 80:20 were prepared following the procedure described earlier. 11 Alexa 488-phalloidin, 4′,6-diamidino-2-phenylindole (DAPI), were purchased form Molecular Probes (Eugene, OR). Phosphate buffer saline was purchased from Sigma (St. Louis, MO). Opti-MEM ® media was purchased from invitrogen, Serum Supreme, were purchased from Cambrex biosciences (Walkersville, MD).
Micropatterns consisting of different geometric shapes like squares, circles, ellipse and rectangles were fabricated on silicon wafers using standard photolithographic techniques. From this silicon master, complementary polydimethylsiloxane (PDMS) replicas were prepared using soft lithography method developed by Whitesides and coworkers 12 and used as stamps in subsequent microcontact printing steps to form patterns of poly (OEGMA-co-MA) copolymer directly on cell culture dishes. Patterned dishes were sterilized under UV for 12 hours before cells were plated Rac1, RhoA and Cdc42 constitutively active mutants (Rac1L61, RhoAL63, and Cdc42L61) and dominantly negative Cdc42N17 were provided by Dr. Yi Zheng (Cincinnati Childrens hospital). Mutants were generated by site-directed mutagenesis based on oligonucleotidemediated PCR. 13, 14 Constitutive active and dominant negative mutants of Rac1, RhoA and Cdc42 (NIH 3T3 fibroblasts) were cultured in Opti-MEM ® media (w/o phenol red) supplemented with 10% fetal bovine serum and 25mM hepes (All purchased from Invitrogen formerly Gibco). All mutants except CA-NIH3T3-Rac1 were grown by selection with G418 (350 μg/ml). Cell cultures were thermostated using a stage-mounted heater equipped with a temperature controller (OMEGA technologies, Stamford, CT). Patterned cells (500 cells/mL) were supplemented with media containing human PDGF (5 ng/mL) and HEPES buffer (N-(2-hydroxyethyl)-piperazine-N′-2-ethanesulfonic acid; 50 mM) 30 min prior to time-lapse imaging. Phase-contrast images were recorded each hour for the timelapse figures.
Only single cells confined within single islands were considered for analysis. Cells initially spanning more than one island were not included in the analysis. Cells were considered to have "hopped" when their nuclei and 90% of their cell area has moved from one island to another. The 99% confidence intervals of the average speed of motile cells were calculated based on the standard deviation of data collected from at least 100 hopping events and a minimum population of 30 motile cells.
Cells were fixed with 3.7 % paraformaldehyde for 10 minutes, washed in phosphate buffered saline, and then permeabilized with 0.2 % Triton X100 for 5 minutes. Samples were then rinsed with PBS and incubated with Alexa 594-phalloidin, Alexa 488 conjugated anti-Golgin-97 (human) and DAPI to stain for F-actin, Golgi apparatus and nuclei respectively. Images of the patterned cells were acquired using a Nikon TE-2000 inverted microscope with Metamorph software (Ver 6.0r4, Universal Imaging, Westchester, PA)
Golgi polarization of cells patterned over micropatterns was quantified by the fraction of Golgi apparatus in front (r1), side (r2), and rear of their nuclei as shown in Figure 3B . For each cell nuclei, the localization of Golgi within these regions was quantified by measuring the projected area of Golgi apparatus in each region and normalizing with the total projected area of Golgi apparatus around the nucleus. Golgi location within a cell migrating along the array can depend upon the local position of nucleus within a teardrop shape. We further divided the teardrop shape into two regions R1 and R2 and collected data on Golgi localization separately for cells whose nuclei lie exclusively within these regions. Cells whose nucleus reside partly in both R1 and R2 regions were excluded from the analysis.
Results and Discussion
On non-patterned substrates, cells typically exhibit a polarized morphology with a broader front and narrower rear, and can migrate directionally over a short distance. However, this transient geometry cannot be sustained and cells exhibit random walk behaviors on nonpatterned surfaces. To explore whether arrays of micropatterns can steer cell migration based on morphological polarization alone, we designed arrays of adhesive islands composed of individual teardrops ( Figure 1) . Each micropattern has an area of 1000 μm 2 which is the spreading area of cells exhibiting the fastest rate of migration on non-patterned culture dishes. The gap distance between islands was set to 3.5 μm, which is sufficiently far to confine cells to the islands temporarily but close enough for extended lamellipodia to reach across onto adjacent islands. This gap distance is also shorter than the persistent length of randomly migrating cells. If cells can retain the directional bias set by the asymmetric islands as they traverse between islands, then it may be feasible to direct their migration using microarrays to amplify this natural directional persistence (MANDIP). On these microarrays, NIH3T3 fibroblasts indeed migrate preferentially from the blunt end of the teardrop shapes (Figure 2 ) leading to continuous movement in the clockwise direction. The two cells shown on the array of teardrop micropatterns move simultaneously. Among 71 observed hops, 69 were in the clockwise direction and only 2 were in the counterclockwise direction, with an average of 3.3 ± 1.1 hours between hops (Table 1) .
Golgi apparatus is known to localize preferentially in front of the nucleus of migrating cells. 15 The position of the Golgi apparatus relative to the cell nucleus is characteristic of cell polarity. Cells migrating on the tear drop micropatterns intermittently adopt shapes conforming to the teardrops as they rearrange their cytoskeleton and morphology to migrate. We thus quantified Golgi localization to examine the polarity of cells as they travel on the microarrays. 3T3 fibroblasts, migrating on the teardrop pattern, localize their Golgi towards the blunt end of the teardrops ( Figure 3A) . Cells migrating along the path and direction set by the microarray can be broadly classified into two groups. One group wherein the cell body is mostly confined to one teardrop island, and a second group wherein the cell body spans two teardrops. To test whether the polarization induced by the geometry of the teardrop is maintained as cells traverse across two adhesive islands, the localization of Golgi apparatus relative to the cell nucleus for these two groups of cells were compared. Dividing the teardrops into blunt (R1) and tip (R2) regions, the nucleus of the first group of cells largely confined to a single teardrop is expected and observed to be mostly confined to the blunt half (R1). Likewise, for the second group of cells that span two teardrops, the nucleus is more likely to be in the tip section (R2). The localization of Golgi apparatus around each cell nucleus was quantified using the schematic shown in Figure 3B . The area of observed Golgi in regions: r1 (front), r2 (sides) and r3 (rear) defined by the two lines intersecting at the nucleus, indicated by the ellipse, were measured. The Golgi apparatus of cells patterned on the teardrop islands are localized mostly in region r1 for both groups of cells. This indicates that the cells remain polarized even as they cross the gap between two islands, thereby enabling microarray amplification of their natural directional persistence (MANDIP).
The establishment of cell polarity and thus directional motion have been shown to be regulated by an extensive cross talk between various integrins and Rho family of small guanosine triphosphate binding proteins (RhoGTPases). GTPases are the molecular switches that use a simple biochemical strategy to control complex cellular processes. They usually cycle between active GTP and inactive GDP conformational states. Among the several hundred GTPases, Ras superfamily of GTPases including Rac, Rho, and Cdc42 are considered the master regulators of cell polarity and migration. 1, 16 Rac activation has been shown to initiate direction extension of lamellipodia 17 and recruit integrins to the edge of the protrusion. 18 Activation of Rho within a cell is associated with the increased actomyosin based tension by signaling through its downstream effector Rho kinase. 19 Over expression of Rho has been shown to increase contractile tension which results in formation of numerous actin bundles and associated mature focal contacts [20] [21] [22] [23] and decreases the rate of cytoskeleton reorganizations. 24 In contrast, inhibition of Rho activities by specific genetic constructs or by selective inhibitors leads to disassembly of actin bundles and transformation of focal contacts into small focal complexes. Cdc42 plays an important role in the control of cell polarity. Cdc42 induces formation of numerous filopodia and disrupts the directional motion. 25 Primary fibroblasts expressing dominant negative Cdc42 showed 50% reduction of closure of wound in an in vitro wound closure assay.
To investigate whether Rac1, RhoA, and Cdc42 would alter the shape guided polarization and thus migration, we altered the expression levels of these molecules by using adenovirus to express constitutively active Rac1. RhoA, and Cdc42. Patterning NIH3T3 fibroblasts and their constitutively active mutants of Rac1, RhoA, and Cdc42 along with dominant negative mutant of Cdc42 over the teardrop array (Figure 4) , we observed that all cell types move preferentially from the blunt end of the teardrop shape to the tip of the neighboring island. For constitutively active Rac1, the figure shows two cells migrating on the array with nearly equal rate. The clockwise directional migration is most consistent for unmodified NIH 3T3 cells with 97% compliance and least consistent for dominant negative Cdc42 cells with 83% compliance ( Table 1 ). Cells that express constitutively activated RhoA migrate at the highest speed with average time between hops of 1.9 ± 0.9 hours and dominant negative mutant Cdc42 were observed to be slowest. These results show that controlling cell shape to cause intermittent morphological polarization of cells can be used to guide directional migration and intracellular signals involved in lamellipodia extension (Rac1), contractility (RhoA), and cell polarity (Cdc42) affect the speed of cell migration on MANDIP microarrays. Cells with constitutively activated RhoA migrated at nearly double the speed of wild type cells. This suggests that the key step limiting the speed of cell migration on the arrays is the disassembly of adhesions and retraction of the rear. Constitutively activated Rac1 showed preferential migration with the blunt end of the teardrop being the leading edge. The migration speed on the micropatterns is slightly slower compared to the wild type. This indicates that actin polymerization and membrane protrusions, induced by Rac1 activation, 16 are not limiting steps for cell migration for a gap distance of 3.5 μm. The slower speed of migration of Rac1 activated cells can be attributed to suppressed Rho activity as Rac and Rho activation has been shown to be mutually antagonistic, 26 each leading to the deactivation of the other.
Interestingly, both inhibition and activation of Cdc42 lead to reduced migration speed to nearly half of the wild type cells and maintained the direction of migration from the broad end. On non-patterned substrates, inhibiting Cdc42 leads to random protrusion and disrupt the directional cell migration in chemotaxis or wound healing assays. 27 This is the first example showing cells with dominant negative Cdc42 migrating directionally on preset path. In this case, where a key molecular regulator of cell polarity is absent, the cell polarity and migration of direction is set by the external environment, i.e., cell shape control.
Conclusions
A new approach has been demonstrated for directing cell movement along preset paths and directions on microarrays of asymmetric islands. Earlier, we reported that cell migration can be directed by limiting access to neighboring adhesive islands from only one end of the teardrop-shaped islands. 9 This study shows that cells can be steered to migrate almost exclusively in one preset direction even when adhesive islands are available on both ends. The asymmetry of the cell shape, as intermittently imposed by the islands, is retained as cells traverse between islands, and enables microarray amplification of natural directional persistence (MANDIP). The observed directional bias is consistent with earlier studies which showed that teardrop shaped cells, released from confinement, move from their blunt ends. 28 This suggests that the global morphology of the cell determines cell polarization. For practical applications, MANDIP is a convenient gradient-free alternative to haptotaxis (ECM gradient) 29 , durotaxis (substrate stiffness) 30, 31 or mechanotaxis 32 and can be used to guide the assembly of cells into complex structures with microscale precision over unlimited distances. MANDIP microarrays may also facilitate the examination of molecular pathways that are important to cell polarity and motility. 
